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APPARATUS AND METHODS FOR REMOVING 
MERCURY FROM FLUID STREAMS 

CROSS-REFERENCE TO RELATED APPLICATION 
5 This application is a divisional of U.S. patent application serial No. 10/269,846, 

filed on October 11, 2002, which is a continuation-in-part of U.S. application serial No. 
09/962,1 77, filed on September 24, 2001. The priority of these prior applications is 
expressly claimed and their disclosures are hereby incorporated by referenced in their 
entirety. 

10 BACKGROUND OF THE INVENTION 

This invention relates to the removal of mercury (Hg) from gas streams, and in 
particular, to an apparatus and method for removing Hg, and in particular, elemental Hg 
from gas streams. 

Mercury is a neurotoxin, which when emitted into the environment is of concern for 
1 5 both the health of man and other components of the biosphere. Even though the 

concentration of mercury in the atmosphere is low, it can be accumulated in the food 
chains of man and other species. The degree of environmental availability is dependent in 
part on the chemical form of mercury. Because of the widely recognized health impacts of 
this element, it has been identified as a key pollutant to be controlled. Some countries and 
20 states have banned the use of mercury in industrial processes, and the use of products 
containing mercury. As such, reduction of the amount of mercury from sources such as 
products like batteries and fluorescent light bulbs, and the emission of mercury from 
sources such as industrial processes, incineration, land fills and boilers is critical. 
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As mercury emission limits become more stringent, analytical methods capable of 
detecting ever lower mercury levels are required. In some cases, the required sensitivity 
exceeds that which can be achieved with known analytical methods. As a result, these 
measuring methods frequently require pre-concentration of the mercury-containing gas 
5 stream prior to analysis in order to measure low concentrations of mercury in typical gas 
streams. 

To further complicate matters, mercury and some of its readily-formed compounds 
are relatively volatile. For example, mercury readily combines with chloride to form 
mercuric chloride (HgCl 2 ). However, both elemental mercury and mercuric chloride have 

10 high vapor pressures at typical ambient and in-stack temperatures. As such, both elemental 
mercury and mercuric chloride vapor are difficult to remove from a gas stream for 
emissions control and/or subsequent analysis. 

For all of these reasons, removal of mercury from gas streams has been extensively 
studied, and numerous methods have been reported that purport to effectively remove 

1 5 elemental mercury and mercury compounds from gas streams. 

Mercury's propensity to combine with iodine has led to numerous efforts to remove 
mercury from gas streams by combining the Hg with iodine in some form. For example, 
Japanese patent JP 49-43197 teaches the removal of mercury from alkali electrolysis cell 
gas by contacting the gas with an iodide of Li, K, Ca, Mg, Zn, Al, Fe, Ni, or Co, or a 

20 compound of the general formula R 4 NI, where R is H or 1-4C alkyl containing no free l 2 , 
and which also includes at least one inorganic reducing agent. The carrier is carbon, a 
zeolite or silica gel. 
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JP 50-6438 teaches removal of Hg from gas streams by contacting the gas stream 
with a cationic exchange resin on which is adsorbed an iodide of Al, Zn, Sr, Fe, Na, Ni, 
Mg, Li, tetracthylamonium, methylene, naphthalene, o-phenol or benzene. Iodine is 
optionally loaded onto the resin in addition to the iodide compound. 
5 U.S. Patent 4,474,896 discloses an absorbent for mercury that is a polysulfide- 

containing adsorbent composition. In one embodiment, the adsorbent is a zeolite that has 
been treated to contain metal cation capable of forming insoluble polysulfides when 
exposed to sulfanes in either vapor form or in an organic solution. 

While each of these methods is somewhat successful in removing Hg from gas 
10 streams, none is capable of doing so quantitatively; i.e., at low concentrations that might 
be present down stream at mercury controls and capture the mercury in a form that might 
be applicable to nondestructive analysis procedures such as x-ray fluorescence. As a result, 
none of these known methods are suitable for Hg removal to the levels required for either 
thoroughly removing Hg from a process or waste gas stream, for control of emissions, or 
1 5 for quantitative analysis of mercury-containing vapors in a gas stream. 

SUMMARY OF THE INVENTION 
It is therefore an object of this invention to provide a composition and method 
capable of removing mercury vapor from a gas stream. 

It is another object of the invention to provide a composition and method to remove 
20 volatile mercury-containing compounds from a gas stream. 
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It is yet another object of the invention to provide a composition and method of 

removing volatile mercury and mercury-containing compounds from a gas stream in a 

quantitative manner. 

It is still another object of the invention to provide a composition and method of 

5 removing all mercury species from a gas stream, including elemental mercury vapor and 

volatile and particulate mercury-containing compounds, in particular compounds 

containing oxidized mercury. 

These and other objects of the invention are met by preferred embodiments of the 

invention in which a polyethersulfone (PES) filter substrate is provided, and onto which 

10 elemental iodine is loaded, and PES filter substrate with anion exchange resin coating onto 

which elemental iodine is loaded and other filter substrates with anion exchange resin 

coatings onto which elemental iodine is loaded 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention is embodied in a composition including a polyethersulfone 

1 5 (PES) filter surface onto which has been loaded elemental iodine, PES and other filter 

surface coated with anion exchange resins onto which has been loaded elemental iodine, 

methods for loading elemental iodine onto these surfaces for use in removing mercury 

from a gas stream, and methods of collecting mercury in a gas stream and immobilizing the 

mercury on these filter surfaces. In one embodiment, the iodine is loaded onto the PES 

20 substrate by treating the substrate with a solution of iodine and pentane, then rinsing and 

drying the PES substrate. It has been discovered that a PES surface thus treated will remove 

over 99% of the mercury from a gas stream under certain conditions. In a preferred 
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embodiment, the iodine is loaded onto a PES filter substrate coated with anion exchange 

resin and will remove 99% of the mercury from a coal-fired power plant exhaust over a 

wide range of operating conditions. The invention has utility in many areas since it can be 

used to treat a process gas stream, a discharge gas stream prior to discharging it to the 

5 environment, to pre-concentrate the mercury in a gas stream for subsequent analysis, or to 

determine the chemical and/or physical form of mercury in a gas stream. 

In one preferred embodiment, the substrate is a polyethersulfone filter paper, such 

as Pall Corporation Mustang Q or SB6407, which has been coated with a strongly basic 

chloride form of quaternary amine ion exchange resin. The substrate is treated with a 

10 0.0079M solution of iodine in anhydrous pentane. To form the treating solution, iodine is 
dissolved in the pentane at a rate of 1 gram of iodine per 1000 ml of anhydrous pentane. 
The iodine/pentane solution is then drawn through the filter paper. The filter is then rinsed 
in pure pentane and dried. In other embodiments, the filter paper can be immersed in the 
solution. In other embodiments using this and other forms of filter material, the substrate 

1 5 can also be immersed in the pentane/iodine solution for sufficient time to ensure saturation 
of the filter matrix and exposure of the entire surface of the filter material to the treating 
solution. The filter material is then removed from the treating solution and rinsed in 
anhydrous pentane, and then dried. The filter material is then ready for use by being 
exposed to the mercury-containing gas stream. The invention is not intended to be limited 

20 to any particular form of filtering material, or any particular solvent, or any particular anion 
exchange resin. For example, other embodiments include PES or other anion exchange 
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AER-coated filter tapes, woven materials, fibrous mats, solid sheets, porous solids, 
membranes, powders, and other solvents, such as ethanol, hexane, etc. 

While the precise mechanism by which the treated filter substrate and iodine 
interact is not known at this time, it is believed that the invention results in elemental 
5 iodine being held on a substrate in such a way that when the treated substrate is placed in 
a gas stream containing mercury (particulate, oxidized vapor and elemental vapor), the 
mercury reacts with the bound iodide or iodine. In this application the term 
"chemisorbed" is used to describe the attachment of iodine to the treated filter surface. 
The term is used to indicate that iodine is held or bonded to the treated filter surface such 

10 that it is not removed by rinsing the substrate in pentane, in which iodine is soluble. 

Chemisorbed is not intended to be interpreted in an overly restrictive manner to indicate 
any specific reaction or bonding strength to the surface. The reaction product, which is 
believed to be mercuric or mercurous iodide, remains bound to the iodine-treated 
substrate, thereby removing and immobilizing the previously vapor phase mercury. 

1 5 Table 1 demonstrates the effectiveness of a filter paper treated according to the 

foregoing method. In each case, the filter material was exposed to coal-fired utility boiler 
exhaust gas streams at flow rates varying from 0.24 to 1 .02 l/min/cm 2 in which elemental 
mercury vapor concentration varied between 42 and 304 micrograms per cubic meter. In 
similar laboratory tests, untreated filters had elemental mercury trapping efficiencies of less 

20 than one percent. 
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Table 1 Elemental Mercury Trapping Efficiency in Coal-Fired Utility Boiler Exhaust 











Test 


Filter 


Temp. 


Time 


Flow 


Volume 


Trapping 


Cone. 


Run 


Type 


°F 


Min. 


lpm/cm 2 


m 3 /cm 3 


Effic. (%) 


Hg/m 3 


No. 
















1 


Treated SB6407 


183 


21 


0.52 


0.011 


>99 


98 


2 


Treated SB6407 


185 


20 


0.98 


0.020 


>99 


62 


3 


Treated SB6407 


185 


30 


1.01 


0.030 


>99 


42 


4 


Treated SB6407 


183 


60 


0.24 


0.015 


>99 


304 


5 


Treated SB6407 


185 


60 


0.52 


0.031 


>99 


132 


6 


Treated SB6407 


184 


60 


0.74 


0.044 


>99.4 


113 


7 


Treated SB6407 


185 


60 


1.02 


0.061 


>99.7 


53 



Referring to Table 2 below a filter according to the present invention was compared 



to the industry standard for speciation of mercury known as the Ontario Hydro method. 
5 Recall that mercury often occurs in multiple oxidation states simultaneously in 

environments such as stack gases. A filter assembly according to the present invention was 
tested to determine its correspondence to the Ontario Hydro method of speciation of 
mercury species. As can be seen from Table 2, a filter assembly according to the invention 
(Mercury Speciation Cartridge) corresponds favorably to the Ontario Hydro standard 
1 0 method for mercury speciation. 



Table 2 Comparison with Ontario Hydro 



Run 


Hg Form 


Cone. 


Mercury 


Ontario 


No. 






Speciation 


Hydro 








Cartridge 








/yg/m 3 


% 


% 


1 


Chloride 


46.6 


87.4 


88.4 




Elemental 


6.7 


12.6 


11.6 


2 


Chloride 


129.2 


98.3 


97.4 




Elemental 


2.2 


1.7 


2.6 
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The enhanced ability of the present invention to remove elemental mercury as 
detailed in Table 1 is achieved without reducing the trapping efficiency of the filter 
material to remove oxidized mercury species such as mercuric chloride. Referring to Table 
3 below, Test No.'s 1 and 2 show results of tests using Pall SB6407 filter paper that had 
5 been treated according to the present invention, while Test No. 3 shows the results using 
untreated Pall SB6407 filter paper. The results shown in Table 3 demonstrate that a filter 
assembly and method according to this invention provides significantly greater removal 
efficiency for elemental mercury with no decrease in trapping efficiency for oxidized 
mercury. The fact that the untreated filter has low trapping efficiency (< 1 %) for elemental 
10 mercury and high (> 99%) trapping efficiency for oxidized mercury, while the treated filter 
has high elemental mercury trapping efficiency is the basis for the mercury speciation test 
results listed in Table 2 above. 



Ta 


ble 3 Mercuric Chloride Trapping Efl 


'iciency 


Test 
No. 


Time 
(Min.) 


Treated 


Efficiency 
(%) 


Cone. 
0c/g/m3) 


1 


10 


Yes 


99.7 


765 


2 


20 


Yes 


99.7 


748 


3 


20 


No 


99.8 


574 



1 5 The embodiment described is just one embodiment of the invention. The invention 

can be applied in many different forms depending on the condition or characteristics of the 
gas stream, the economics of a particular application, and the objectives of the application. 
For example, the invention can be used in separation processes including any of filtration, 
diffusion, filtration and diffusion in combination. The invention can also be implemented 

20 by injection of PES-I or anion exchange resin-coated filter-l powder into a fluid stream 
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followed by removal of the PES-I or anion exchange resin-coated filter-l powder by 
filtration, impaction or liquid impingers. The invention is effective for mercury removal at 
conditions typically associated with coal-fired power plants (Table 1), gas-fired power 
plants, incinerators, natural gas purification processes, land fill gas emissions, and many 
5 other thermal and chemical processing environments. The methods of the invention can 
be used for continuous emission monitoring, for intermittent sampling, for removing 
mercury from a gas stream, for pre-concentration of mercury for analysis, including 
quantitative analysis. The selectivity of the present invention toward elemental mercury 
enables the speciation of mercury as well (Table 2). Several additional embodiments will 

10 now be described, each of which utilizes the invention for removing vapor-phase mercury. 

In one preferred embodiment that is particularly well-suited for continuous emission 
monitoring, the filter material is in the form of a tape. The tape is intermittently advanced 
and a fresh "frame" of the tape is exposed to the gas stream. After exposure to the gas 
stream, the "frame" of the filter tape material is transferred to an analytical chamber where 

1 5 the amount of mercury on the tape is determined which, when combined with the volume 
sampled, is used to calculate the mercury concentration in the gas. This information is 
then stored or transmitted for determination of compliance with regulatory standards, or for 
use in process control. 

In another embodiment, a gas stream containing oxidized mercury particulates, 

20 oxidized mercury vapor, and elemental vapor-phase mercury is treated to remove the 

mercury, and at the same time to provide information on mercury speciation. Speciation 
refers to the process of not only determining the total amount of mercury, but the amounts 
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of mercury in different oxidation states. In this embodiment, the stream is first passed 

through an inert filter such as a glass fiber filter to remove the particulate oxidized mercury. 
The stream is then passed through an untreated PES or untreated anion exchange resin- 
coated filter to remove the vapor-phase oxidized mercury. The stream is then passed 
5 through a PES or anion exchange resin-coated filter onto which elemental iodine has been 
loaded as described above. Passing the stream through this filter removes elemental 
mercury as described above. The filters are then analyzed to determine the amount of 
mercury collected on each, and the amounts are summed to determine the total mercury in 
the stream. This method is useful for continuous emission monitoring, for intermittent 

10 sampling (such as EPA reference method #29), and for the "Ontario Hydro" method. The 
method can provide information on total mercury content, and also for mercury speciation. 

In another embodiment, a gas stream containing oxidized mercury particulates, 
oxidized mercury vapor, and elemental vapor-phase mercury is first introduced into a 
denuder having an untreated PES or anion exchange resin-coated filter surface to remove 

1 5 the vapor-phase oxidized mercury. The stream is then introduced through a diffusion 
denuder having PES or anion exchange resin-coated filter surfaces onto which elemental 
iodine has been loaded according to methods of the present invention, and which remove 
the elemental mercury vapor. Finally, the stream is passed through an inert filter to remove 
the mercury particulates. Each denuder and the inert filter are analyzed for the amount of 

20 mercury collected on each, which can be summed to provide a total mercury analysis of 
the stream. 
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The foregoing embodiments are intended as illustrative of certain embodiments of 
the invention, and are not intended to be limiting. Those skilled in the art will recognize 
that additional sampling, analytical and gas cleaning methods that embody the present 
invention are possible. 
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